S ince Renier et al. 27 published their landmark report in 1982, the association between untreated cranio synostosis and elevated intracranial pressure (ICP) has been an extensively debated entity. Renier and col leagues showed that onethird of patients with untreated multisuture synostosis had intracranial hypertension (IH). Other groups have since confirmed these findings of ele vated ICP, which differ according to the site of the affected suture-8% in metopic, 13% in sagittal, 16% in unicoro nal, and 31% in bicoronal synostosis. 3, 4, 20, 26 There is much less consensus regarding the prevalence of IH after surgical remodeling and the consequences of untreated postsurgical IH. Although isolated reports of elevated ICP following treatment of craniosynostosis ex ist in the literature, the overall frequency of this entity is underappreciated and underrecognized. Therefore, we completed a systematic review on the incidence of IH fol lowing surgical treatment of craniosynostosis.
dence of IH after surgical correction for both syndromic and nonsyndromic craniosynostosis. We performed a de tailed systematic literature review using the PubMed da tabase. Search results were restricted to studies published between 1985 and 2014. Search criteria were based on key words using the following search terms: "craniosynostosis AND intracranial hypertension" (n = 321) and "craniosyn ostosis AND intracranial hypertension AND postopera tive" (n = 68).
inclusion and exclusion criteria
Inclusion criteria were: 1) Englishlanguage literature; 2) human subjects; 3) pediatric cases; and 4) postoperative IH confirmed with invasive ICP monitoring.
data collection and Analysis
Primary outcome was the reported incidence of IH after surgical correction for craniosynostosis. Variables included type of craniosynostosis and initial operative procedure.
results general characteristics
Seven studies 2, 7, [16] [17] [18] [19] 30, 33 met inclusion criteria for analy sis of the primary outcome: incidence of IH after surgery confirmed by invasive ICP monitoring (Table 1) . Addi tional studies that used alternate methods of confirmation of IH were excluded from the analysis but are reviewed in the discussion and included 4 studies using lumbar punc ture as confirmation of IH; 1, 6, 14, 23 1 study using the pres ence of papilledema; 4 and 2 studies used a combination of ICP monitoring, clinical symptoms, and the presence of papilledema 25, 28 (Table 2 ). One additional study that used invasive ICP monitoring was excluded from analysis be cause it did not provide adequate information on the total number of monitored patients. 8 General characteristics of the 7 included studies are reviewed in Table 1 . Seven hun dred sixtytwo patients were reviewed in these studies.
incidence of intracranial hypertension
IH was confirmed with invasive ICP monitoring in all 7 studies (Table 1) . In general, the following ICP criteria were used for IH: < 10 mm Hg as normal, 10-15 mm Hg as borderline, and > 15 mm Hg as high, but this was not specified in all studies.
Patients who had undergone surgery for sagittal syn ostosis had a 5% incidence of postoperative IH based on combined data from 4 studies (Table 3) . 2, 7, 19, 33 The inci dence for all nonsyndromic patients was 4% based on 6 studies and included all patients with single or multisu tural synostosis. 2, 7, [16] [17] [18] [19] 33 The incidence of IH in syndromic cases was only available in 1 study 18 and was therefore not included in our analysis.
Surgical intervention
We attempted to further classify incidence of IH by surgical procedure. We were unable to perform an ad equate metaanalysis on individual procedures given the extensive variety of surgical interventions that differed by center and type of craniosynostosis (Table 4) . As an ex ample, Ceta et al. treated sagittal synostosis with frontal and anterior twothirds skull reconstruction for the initial 5 years of their study period, after which they switched to a large frontoparietooccipital midline strip craniotomy with extensive bilateral barrel stave osteotomies in the posterior frontal, parietal, temporal, and occipital regions for the remaining cases. 7 The authors reported an IH rate of 11% for isolated sagittal synostosis but did not distin guish the incidence of IH between the two types of in terventions. Marucci et al. 19 and van Veelen et al. 33 used variations of the strip craniectomy for treatment of sagit tal synostosis with IH rates of 8% and 9%, respectively. Van Veelen et al. 33 compared 4 versions of the extended craniectomy for sagittal synostosis and found no differ ence in incidence of elevated ICP between the 4 groups. Arnaud et al. 2 compared 3 different types of remodeling methods with differing rates of elevated ICP. They noted that the rate of IH was 1% in sagittal synostosis patients treated with the standard "H" craniectomy 2, 11 versus 5% in the nonH craniectomy group. Hudgins et al. reported a 1% incidence of postoperative IH with the "floating" fron toorbital advancement technique for both syndromic and nonsyndromic cases. 19 Given these variations, we performed a subgroup analysis on cranial remodeling procedures without orbital involvement (including strip craniectomies) versus cranio facial procedures that included advancement of the orbital rim (Table 5 ). We combined data from 4 studies 2,7,19,33 on nonsyndromic patients who had cranial remodeling pro cedures: 23 of 471 patients (5%) had evidence of IH post operatively. Combined data from 3 studies 7, 16, 18 showed that 3 of 255 nonsyndromic patients (1%) had elevated ICP after craniofacial advancement surgery.
discussion
Elevated ICP in children does not always present with the classic clinical symptoms of headache, altered con sciousness, nausea, and vomiting and therefore often goes undetected with longterm sequelae such as cognitive de terioration and visual loss. 13, 23 Renier et al. 27 demonstrated an inverse relationship between ICP and cognitive status in unilateral coronal synostosis, and Arnaud et al. 2 dem onstrated an improvement in behavior and school perfor mance after calvarial remodeling. The progression and effects of mildly elevated ICP (i.e., with singlesuture syn ostosis) on neonatal cognition and development have yet to be clearly established. 9 In addition, literature on the long term neuropsychological consequences of elevated ICP has been indeterminate, with some studies demonstrating evidence that longterm elevated ICP leads to diminished cognition and others showing no effect. 29 As a result, there is much debate with proponents of a minimalist ap proach suggesting that surgical repair of craniosynostosis is mostly for cosmetic purposes and of little functional consequence.
In 2014, Patel et al. 22 demonstrated that longterm out comes in neuropsychological testing were improved when sagittal synostosis was addressed early (prior to 6 months of age); this group also showed that an early complete ex pansion of the intracranial space with calvarial vault re modeling led to a significant improvement in long-term cognition when compared with a limited correction with a sagittal strip craniectomy. 15 IH may play a role in long term cognition given that a more extensive calvarial vault remodeling had improved longterm outcomes, but there is a paucity of uniform data in the literature.
The gold standard in the diagnosis of IH is invasive ICP measurement, which can be problematic for 2 rea sons: 1) given its invasive nature, it cannot be used as a screening tool, and 2) the lack of a definition of normal ICP in children. For many years, a mean ICP less than 10 mm Hg was considered normal, a mean between 10 and 15 mm Hg borderline, and a mean ICP over 15 mm Hg elevated. However, some experts disagreed with these guidelines and proposed an age-specific system with val ues of 2 mm Hg in the newborn, 5 mm Hg during infancy, and between 6 and 13 mm Hg for children between 3 and 7 years of age. 21 Furthermore, ICP can fluctuate over time, 
12,13,17
In addition to these inconsistencies in the definition of IH, measurements of ICP have varied between studies. We found only 8 studies that used invasive ICP monitors; ad ditional studies used lumbar punctures or a combination of clinical findings (bulging fontanel/papilledema) and in vasive ICP monitoring. The first major study that measured ICP in patients with untreated craniosynostosis was published in 1982 by Renier et al. 27 ICP was monitored in 75 children via an epidural sensor. Twentythree of 75 patients had obviously increased ICP (> 15 mm Hg), 30 of 75 patients had normal ICP (< 10 mm Hg), and 22 of 75 patients had borderline mean ICP (10-15 mm Hg). The 23 patients with increased ICP had postoperative recordings that showed a decrease of 3 mm Hg (measured in the immediate postoperative period) and 6 mm Hg (measured 6 months after surgery).
Since then, there have been multiple studies looking at the incidence of preoperative intracranial hypertension in patients with craniosynostosis. The reported incidence of elevated ICP in the preoperative period is 8% (metopic craniosynostosis), 13% (sagittal craniosynostosis), 15%
(unicorona craniosynostosis l), 31% (bicoronal craniosyn ostosis), 47% (multisutural craniosynostosis), 45% (Apert syndrome), and 63% (Crouzon syndrome). 4 The importance of postoperative surveillance for IH screening has also resurfaced in recent years. Children with syndromic craniosynostoses are generally monitored closely given their comorbidities, and therefore most ini tial reports of postoperative IH were on these patients. Pollack et al. 23 reported that 36% of their syndromic patients presented with increased ICP (confirmed with lumbar puncture) requiring further surgical treatment, of whom 62% were asymptomatic. Siddiqi et al. 28 reported a 6% incidence (confirmed with a combination of ICP moni toring and clinical findings such as papilledema and bulg ing fontanel) in their syndromic postoperative patients, but their patients were screened only when symptomatic with headaches or irritability, or when they had bulging fon tanels on examination. Nonsyndromic cases also require screening for elevated ICP: our metaanalysis showed a 5% incidence of IH in nonsyndromic patients undergo ing a cranial remodeling procedure and a 1% incidence in nonsyndromic patients undergoing a more extensive craniofacial procedure. Cetas et al., 7 in their recent study, showed a 6% rate of postoperative intracranial hyperten sion in patients with singlesuture synostosis. Their rec ommendation is that routine funduscopic examination be done annually until patients are 6 years of age.
Nonetheless, the lack of papilledema does not guar antee normal ICP. Tuite et al. 31 reported on the sensitiv ity and specificity of papilledema to predict elevated ICP in the pediatric craniosynostosis population: in patients younger than 1 year, papilledema was 25% sensitive and 100% specific for IH. As patients aged, the sensitivity in creased (100% in patients older than 8 years) and specific ity decreased (88% in patients older than 8 years). Given these findings, a normal funduscopic examination does not equate with normal ICP, especially in patients younger than 8 years. We therefore reviewed additional predictors and potential red flags for IH in the patients postopera tively. Additional indicators of elevated ICP in our review included decreasing head circumference percentiles, bulg ing fontanel/craniotomy defects, headaches/irritability, and developmental delay. A common radiological finding often noted in the lit erature is the copper beaten skull (gyral impressions on the inner table of the skull) seen on both radiographs and CT scans. Tuite et al., 32 in a series of 123 patients with cra niosynostosis, noted that presence or absence of the beaten copper skull did not correlate with ICP, and therefore this finding would be an unreliable screening tool.
A potential area of further study is perfusion imaging via either MR or CT imaging. David et al. 10 used SPECT scans to demonstrate perfusion deficits underlying syn ostotic sutures. These deficits resolved after calvarial re modeling. In a more recent study, 99mTc-ethylcysteinate dimer SPECT imaging was completed both pre and post operatively in 85 patients: the mean mental performance quotient (MPQ) scores increased significantly in patients with resolved perfusion defects postoperatively. 5 There are no published studies utilizing MR and CT perfusion scans to evaluate deficits as a potential predictor for elevated ICP. An additional newly introduced noninvasive test is optical coherence tomography (OCT), which is a noninvasive di agnostic technique for crosssectional analysis of the optic disc and the retinal nerve fiber layer (RNFL). Patients with papilledema have increased RNFL thickness when com pared with patients without papilledema: if these findings are further corroborated, OCT could potentially be used to quantitatively assess early stages of papilledema prior to changes on funduscopic examination. 24 We acknowledge that our review is limited given the paucity of studies using invasive ICP monitoring and the variability of both the types of craniosynostosis and surgi cal approaches. Additionally, the majority of the included studies did not provide information about preoperative and perioperative ICP. We also acknowledge that screen ing for IH is difficult in this patient population given the low sensitivity of funduscopic examination and imaging in our patient age group. Therefore, our findings likely un derestimate the true incidence of IH in craniosynostosis patients after surgical remodeling.
conclusions
We reviewed 7 studies that documented postoperative IH in a pediatric craniosynostosis population that included more than 700 cases. Reports of elevated ICP after surgi cal intervention have been increasing over time and ap pear to be due to improved and additional screening tech niques, such as routine annual funduscopic examination and neuroimaging. However, the incidence is still likely underreported due to the low sensitivity of current meth ods. A reliable noninvasive method is needed to measure ICP to identify pediatric patients with IH following surgi cal correction of craniosynostosis. A potential noninvasive study is MR/CT perfusion scanning or OCT, which may be able to detect subtle defects prior to the development of observable papilledema. Multicenter studies are needed to accumulate enough data to examine the spectrum of nonsyndromic and syndromic craniosynostosis and the various surgical procedures to establish the incidence of postoperative IH. Longterm detailed neuropsychologi cal and vision testing is needed to determine the effect of postoperative IH in this patient population.
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